The processed gene L32 •, a member of the mouse gene family for ribosomal protein L32, could encode a 135 amino acid protein nearly identical to L32.
INTRODUCTION
Many genes of eukarvotes are found in multigene families that include processed genes which have a 3' poly(A) tract, and flanking direct repeats of 7 to 17 nucleotides. Processed genes, proposed to originate by reverse transcription of mRNAs in germ line cells followed by insertion of the DNA copies into the genome (1, 2) , are primarily members of gene families encoding housekeeping functions, e.g., /3-tubulin (3), dihydrofolate reductase (1, 4) and ribosomal proteins (5) (6) (7) (8) (9) (10) (11) . Most processed genes are pseudogenes containing either insertions, deletions, or in-frame termination codons that preclude synthesis of full-length or functional proteins (6, 9) .
However, some processed gene sequences have not undergone obviously deleterious mutational events (8, (10) (11) (12) .
Although a processed chicken calmodulin gene is expressed in differentiated muscle tissues (13) , the general view has been that intact processed genes are not expressed. The sequence similarities between many processed genes and their introncontaining counterparts has hampered investigation of their possible expression (8) .
We have isolated a processed gene (11, 14) , L32', of the mouse ribosomal protein (r-protein) L32. Both the expressed L32 (8) and L32 1 genes encode proteins of 135 amino acids although the L32' protein would contain nine amino acid substitutions due to 20 nucleotide changes within the protein coding region (11) . Most of these amino acid substitutions are conservative; the hydropathic profiles of the two proteins indicated their structures to be almost identical (11) . Upstream of the 5' direct repeat of L32 1 are TATA and inverted CAAT sequences, of the type involved in the transcriptional control of many eukaryotic genes (15, 16) . These observations suggested that the L32' gene might be expressed. Accordingly, using the sequence divergence that occurs between the L32' and L32 genes, we investigated L32' gene expression in the mouse L1210 cell line.
MATERIALS AND METHODS
Enzymes were purchased from Bethesda Research Labs (Gaithersburg, MD), New England Biolabs (Beverly, MA), or P. L. Biochemicals (Piscataway, NJ) except where indicated.
Tissue culture.
Tissue culture of mouse LI 210 cells was performed as described (34) .
Plasmid subclones. bp Taql-Hinfl and 338 bp TaqI restriction fragments ( Fig. 1 ) used for the primer extension, filter hybridization, and S1 analyses respectively. The insert of pUC338Taq was isolated by digestion with Sstl and Hindlll and inserted in opposite orientations in Sstl+Hindlll digested pSP64 and pSP65 (17) . These two plasmids, pSP64-338 and pSP65-338, were used to synthesize in vitro transcripts of the 5' end of the L32' gene. Ligation reactions followed standard protocols (18) and bacterial transformation was by the method of Hanahan (19) .
Isolation of mouse cytoplasmic and poly(A) + RNA.
Total cytoplasmic and poly(A) + RNA was isolated from mouse L1210 cells as described (18) .
Digestion of mouse nuclei with DNase I_ and genomic DNA isolation.
The sensitivity of L32 1 genomic DNA to DNase I was determined by digestion of isolated L1210 nuclei with varying concentrations of DNase I (Cooper) essentially as described (9) . Following resuspension of the nuclear pellet, clumps of aggregated nuclei were allowed to settle out for 5 minutes on ice. 0.5 ml of the resuspended nuclei were digested with 7-8.5
ng/ml of DNase I for 3-3.5 minutes at room temperature. The reaction was stopped with 1.25 ml 0.45 M EDTA, 0.7% (w/v) SDS. DNA isolated from digested nuclei (20) served as control DNA.
Radiolabelling of probes.
Restriction enzyme fragments were isolated from low melting agarose (Seaplaque, FMC) (22) or from polyacrylamide gels (23) . Nick-translation reactions were performed as described (24 1 and internal probes and fragments used for primer extension and S1 nuclease protection studies are delineated on the map. Asterisks indicate the 5'-end that were labelled. T, TaqI; H, Hinfl; Hp, Hpall; A, Avail; Pv, PvuII, Rs, Rsal.
using the 338 bp TaqI fragment of pUC338Taq ( In contrast, EcoRI fragments containing portions of the expressed L32 genes (10.2, 2.8 and 1.4 kb) were contained within chromatin regions ssnsitive to DNase I when probed with the internal probe ( Fig. 3 and data not shown). The 3.6 kb EcoRI fragment which contains the processed, unmethylated gene is also DNase I-sensitive (Fig. 3) . These results indicate that by the criteria of DNase I sensitivity and DNA methylation at least two L32 aenes, one of which is a processed gene, are probably expressed in mouse L1210 cells. S1 nuclease and primer extension analysis of L32'.
Although the L32' gene was found in a chromatin conformation generally associated with inactive genes, it was possible that the L32 1 gene was expressed at a low level. To determine if the L32' gene was expressed in mouse L1210 cells, primer extension and S1 analyses were performed on L1210 poly(A)+ RNA. A 5'-end-labelled 74 bp Tagl-Avall fragment (Fig. 1) , was used to prime mouse poly(A) + RNA for extension analyses (Fig. 4A) . One strong (175-176 nt) and two weak extension bands (172 and 179 nt) were observed (Fig. 4A, lane 2) , corresponding to 5'-untranslated regions of 48, 51-52, and 55 bases in the L32' gene (Fig. 5 ).
S1 nuclease digests preferentially single-stranded DNA and RNA at those message, as determined by primer extension and S1 analyses (Fig. 4) , are indicated by arrows on the 902 bp DNA sequence containing the L32' gene. Direct repeats of 10 bp found at the 5' and 3' ends of the gene are boxed. The deduced 135 amino acid sequence of the protein is shewn. The polyadenylation signal, 3' to the TAG termination codon, is designated by asterisks and the TATA box (nt 175-179) and CAAT sequence (nt 128-131) proceeding the mRNA cap sites are underlined. The sequence complementary to the oligonucleotide used to identify putative L32 mRNAs (Fig. 6 ) is underlined with a broken line.
occur. The 5'-labelled 338 bp Tagl fragment ( Fig. 1 ) was hybridized to mouse poly(A) + RNA and digested with S1 nuclease (Fig. 4A) . Intense bands of 176-179 nt and two less intense bands of 171-172 nt are formed by SI nuclease treatment (lanes 8 and 10). These bands are the same sizes as the full-length, primer-extended products (lane 2) and correspond to potential mRNA cap sites at, or immediately after, the L32' 5' direct repeat (Fig. 5) .
Two other bands of ca. 132 and 133 nt from the S1 nuclease digestion mapped to nucleotide positions 246 and 247 of the L32' sequence (Fig. 5) , within the 5' untranslated region where an A-*G transition occurs (11) . SI nuclease did not cleave at other mismatches that occur between the two sequences, even when the enzyme concentration and length of digestion were increased five-fold (data not shown).
To determine if the L32' gene could protect its putative FNA transcript, a uniformly-labelled 1.7 kb Pstl-SstI fragment conplementary to L32'
RNA was hybridized to mouse poly(A) + RNA and digested with S1 nuclease (Fig.   4B ). The L32 and L32' genes differ at 32 positions, thus a fulllength, 501 nt product would not be expected unless the L32' gene was Northern analysis using a_ L32' specific oligonucleotide.
One site of divergence in the 5'-untranslated sequences of L32 mRNA and putative L32' mRNA was susceptible to digestion with SI nuclease (Fig. 4A,   lanes 8 and 10) . To test directly the presence of L32 1 expression, a 21 nt oligonucleotide from the 5' region of L32 1 was 5'-end-labelled and hybridized to mouse poly(A) + RNA (Fig. 6) . The probe to L32' nucleotides 234-254 contained 5 nt differences with the L32 gene (11) . No detectable hybridization of the probe was seen to mouse RNA, while the RNA hybridized with a nick-translated 240 bp internal probe was grossly overexposed. As a control, equal amounts of a DNA fragment containing the L32 1 gene were hybridized with both the oligonucleotide and the internal probe (Fig. 6B) .
As a positive control, transcripts of both strands of the 338 bp TaqI fragment containing the 5' end of the L32' gene were made in vitro. The in vitro transcripts were blotted and hybridized to the 21 nt probe (Fig. 6C) .
The hybridization to the L32 1 sequence demonstrates that an L32 1 gene transcript can be detected when present at itore than 100 ng. Based on these results we estimate that the L32' mRNA would have been detected were it present at more than 1.7% of the L32 mRNA. The above findings encouraged us to reexamine the results of the SI nuclease experiment (Fig. 4) . Since SI nuclease cleavage at single-base mismatches may be extremely inefficient, we constructed a cRNA complementary to 179 nucleotides of the putative L32' mRNA by cloning the 338 bp TaqI fragment ( Fig. 1 ) into an RNA expression plasmid. In this region, the cRNA would have 16 mismatches with itiRNA from the L32 gene (11) . The cRNA was uniformly labelled with [« 32 P]ATP. After hybridization, the cRNArmRNA duplexes were cleaved with RNases A and Tl whose combined sensitivity is greater than that of Si nuclease (30) . L32' mRNAs would be expected to protect a 179 nt length of the cRNA whereas mRNAs from the L32 gene would 4 and 11-14) .
Fragment sizes are given in the margins; Panel B: Map of the L32 mRNA and L32
1 cRNA with mismatches shown by the vertical lines between the two strands. The numbering is from the 5 1 end of the cRNA generated by runoff of the RNA polymerase. The vertical arrows indicate the sites of initiation suggested by primer extension and S1 nuclease analyses. The placement of the most prominent bands in lanes 5, 6 and 7 (indicated by numbers) is shown below the map, assuming that mismatches between L32 mRNA and L32' cRNA were responsible for production of the observed bands in the gel. As seen in lanes 6-10, mouse mRNA did not protect any cRNA to the extent expected for an L32' mRNA. On longer exposures, we would have been able to detect hybridization of 0.01% of the cRNA to L32 1 mRNA. We conclude that any L32 1 mRNA is present at a level less than 1% that of L32 mRNA.
DISCUSSION
The processed genes of multigene families, including processed genes containing intact coding regions, are generally viewed as unexpressed pseudogenes (1,2). We report here our examination of the possible expression of L32', a processed mouse r-protein gene, by investigation of L32 is not expressed in this cell line. In contrast, these analyses suggest that another L32 processed gene, contained on a 3.6 kb EcoRI fragment (8) could be active. This gene is.only 1 bp different from the expressed L32 gene, and thus detection of a gene-specific transcript would be very difficult. Alternatively, the apparent active chromatin state of the 3.6 kb EcoRI fragment may be due to its proximity to other actively transcribed genes in this region of the genome.
The presence or absence of a stable L32' transcript was investigated by 1 ) Northern blot analysis, using a gene-specific oligonucleotide probe, 2) nuclease S1 digestion of L32 1 DNA:RNA heteroduplexes and 3) RNase digestion of mRNA:cRNA hybrids. L32' RNA transcripts were not detectable by the first method. The oligonucleotide probe and cRNA protection experiments indicate that the concentration of L32' mRNA is less than 1.7% of the total L32 message. Although S1 nuclease digestion studies suggested the presence of possible L32' transcripts (Fig. 4) , the more sensitive RNase digestion procedure did not detect the presence of 132' mRNA (Fig. 7) .
Protection of the L32 transcript from SI nuclease digestion by the L32 1 sequence could occur if the S1 nuclease was unable to cleave the DNA:RNA hybrid at all sites of base mismatch. SI analyses of the L32 1 5'-end were done at temperatures from 0-37°C, and with five-fold increases of enzyme and time of incubation (data not shown). Although differences were observed between experiments, a product corresponding to the correct 5' end of the message was obtained, even under the most rigorous digestion conditions.
Since some S1 protection products are consistent with L32' probe hybridized to L32 mRNA, the failure of the S1 digestion to go to completion, as expected from the cRNA experiments, is not clear. The conditions described here for SI digestion are commonly used to determine the expression of eukaryotic genes (18) . Our RNase digestion and oligonucleotide probe results demonstrate that care must be taken in the use and interpretation of S1 nuclease digestion data for identifying gene-specific transcripts.
Ribosomal proteins are housekeeping proteins expressed in all active cells. We selected L1210 cells as a convenient cell type to investigate the gene expression of L32'. Assuming approximately 500,000 mRNAs per cell (37) and that a single ribosomal protein mRNA constitutes about 0.05% of the total mRNA, our inability to find L32 1 transcripts at a level above 1% that for L32 iriRNA indicates there must be fewer than 2 copies (if any) of L32' mRNA in these cultured mouse cells. Our inability to demonstrate L32 
